This investigation clarifies the transition phenomenon between the electromagnetically induced transparency (EIT) and Raman absorption in a ladder-type system of Doppler-broadened cesium vapor. A competition window of this transition was found to be as narrow as 2 MHz defined by the probe Rabi frequency. For a weak probe, the spectrum of EIT associated with quantum interference suggests that the effect of the Doppler velocity on the spectrum is negligible. When the Rabi frequency of the probe becomes comparable with the effective decay rate, an electromagnetically induced absorption (EIA) dip emerges at the center of the power broadened EIT peak. While the Rabi frequency of the probe exceeds the effective decay rate, decoherence that is generated by the intensified probe field occurs and Raman absorption dominates the interaction process, yielding a pure absorption spectrum; the Doppler velocity plays an important role in the interaction. A theory that is based on density matrix simulation, with or without the Doppler effect, can qualitatively fit the experimental data. In this work, the coherence of atom-photon interactions is created or destroyed using the probe Rabi frequency as a decoherence source.
INTRODUCTION
Spectroscopic investigation of the interaction between the three-level system and two resonant monochromatic radiations reveals interesting physics. The applications of manipulating the coherent quantum states that are generated by such interactions have seen many breakthroughs over recent decades [1] . Since the first observation of a destructive interference in lead vapor [2, 3] , the phenomenon of electro-magnetically induced transparency (EIT) has been widely discussed and studied both theoretically and experimentally. The destructive interference is interpreted as ac Stark splitting of the bare states, which is associated directly with the AutlerTownes doublet of the dressed states. In the EIT configuration, the capacity to modify either in real part or imaginary part of the transition susceptibility has attracted considerable attention. The dramatic increase in dispersion near resonance has tamed photons; for example, the storage of light inside a medium provides a stable basis for the generation and transmission of quantum information [4] . From the engineering perspective, such nonlinearity offers a means to fabricate a high-frequency device with an electromagnetically induced grating (EIG) [5] , or to control lensing effects without strongly associated absorption, via electromagnetically induced focusing (EIF) [6] . Much progress has also been made by modifying the imaginary part of the susceptibility such as in the realization of lasing without inversion [7] , subrecoil cooling below one-photon energy [8] , and development of an atomic clock based on the ultranarrow resonance [9] . Detection of highly excited Rydberg states using EIT, providing a direct nondestructive probe of Rydberg energy levels, has also been performed [10] .
Notably, when the Rabi frequency of the probe transition increases, the weak probe approximation becomes invalid and higher-order terms of the probe beam Hamiltonian need to be considered; the subnatural linewidth feature then fades away because the Autler-Townes doublet emerges. If the probe Rabi frequency increases further, then the density matrix approach indicates that an enhanced absorption peak will arise from the center of the EIT resonance, because of the interference of additional multiphoton pathways associated with the higher-order terms in the expansion of 21 . Based on simulation of the transmission spectra under different probe Rabi frequency, this work describes the transition between EIT and Raman absorption. A transition phenomenon from EIT and electromagnetically induced absorption (EIA) to a purely absorption spectrum via a Raman process is caused by controlling the Rabi frequency of the probe beam relative to the effective decay rate between the intermediate and excited states in a ladder-type system. In the intermechanism transition regime, a rather unstable spectrum reveals the combination of both mechanisms. In this work, a numerical simulation based on the density matrix approach, with or without integrating all the Doppler velocity, is presented to fit the experimental data. The result is associated with competition between transition channels that involve the EIT and Raman absorption.
Typically, the EIT signal is observed by scanning the frequency of the probes laser, while locking the frequency of the coupling laser. The drawback of this approach is that the EIT signal arises from the center of the absorptive profile, and thus the signal-to-noise ratio (SNR) is still limited by the absorptive background. On the other hand, the signal under our experimental scheme, i.e., to fix the probe laser frequency while scanning the couplinglaser frequency, is background-free for a weak probe. The background-free EIT signal exhibits the benefit for precise determination of the laser frequency. In the weakprobe region, the linewidth of the signal can be narrowed down to a few megahertz and is of great potential for the field of atomic spectroscopy.
THEORETICAL SIMULATION
The theoretical simulation and experimental demonstration use a ladder-type cesium atom scheme, as presented in Fig. 1 
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where ⍀ ͑p,c͒ ϵ ij E / ប is the Rabi frequency of the probe (coupling) field, and ␥ ͑p,c͒ is the linewidth of both fields.
Next, we evacuate the fast-oscillating terms by the standard substitutions: so that we can extract the steady-state coupled equations. The probability conservation is also considered at this stage: We are not going to solve the above equation analytically, because the numerical solution is more practical and easily to be obtained by a personal computer. This work studies the term 21 for various strengths of the probe and coupling fields. Figure 2 presents the numerically simulated transmission profile for the probe beam 21 for various probe Rabi frequencies ⍀ p and with detuning of the coupling frequency ⌬ c under Doppler-free conditions. Notably, in the weak-probe-strength regime ͑⍀ p ϳ 0͒, a distinct background-free EIT peak appears as the coupling frequency is scanned across the resonance. Another interesting feature of the EIT peak is that the amplitude will diminish and split into two parts as the probe Rabi frequency ⍀ p increases. This splitting behaves like the Autler-Townes doublet, and the absorption background also increased. An absorption dip never occurred, regardless of the value of probe Rabi frequency.
When a counterpropagating but wavelengthmismatched configuration is applied, the residual Doppler effect must be considered [13] . Therefore, the transmission spectrum is summed over the velocity distribution under conventional Maxwell-Boltzmann statistics [14] (at 300 K) and the results are plotted in Fig. 3 . All the parameters are identical to those in Fig. 2 , and the velocity is integrated from −1000 to 1000 m / s in steps of 1 m / s. The simulation clearly demonstrates that additional absorption wings exist on both sides of the transparent signal in the weak probe regime, and that the transparent signal evolves into a pure absorption dip when the probe Rabi frequency exceeds the effective decay rate. A pure absorption dip occurs only when the velocity distribution is integrated. Therefore, the strong absorption is caused by the Raman process, which all of the velocity groups must be considered. Hence, in the EIT regime, the quantum-interference mechanism dominates the system, so the off-resonance pumping of the various velocity groups could be ignored. If the probe Rabi frequency is comparable to the effective decay rate, then the system enters a competition mode between the EIT and the Raman process. In the competition mode, the multiple pathways are highly nonlinear such that the branching ratio between these modes will fluctuate and produce a rather irregular and unstable background. Therefore, none of the simulations can closely model the experimental profiles because of the competition. Figure 4 presents the block diagram of the experimental setup. A cw external cavity diode laser (ECDL) (Sacher TEC-100, 100 mW, : 852 nm) is used as the probe laser and collimated to a beam of 2 mm in diameter through a room temperature Cs cell. ͑E ʈ :E Ќ = 100: 1͒. Another cw Ti:Sapphire laser (Coherent Autoscan 899-29, linearly polarized, ⌬ rms = 500 kHz) is used as the coupling laser and collimated to a beam of 5 mm in diameter and counterpropagates with the probe beam. The coupling laser intensity is 6.36 mW/ mm 2 (laser power 124.9 mW), and the probe field intensity is 1.96 mW/ mm 2 (laser power 6.2 mW). The probe and coupling beams are linearly polarized in parallel and overlap across the Cs cell, which is 10 cm in length and 3 cm in diameter. There is no additional magnetic field applied to the atomic Cs cell. Thus the only contribution which could possibly split the energy level is the earth magnetic field (around 0.5 Gauss). Under this magnetic field strength, the shift of energy level is less than 0.5 MHz. Therefore, the effects are negligible under our experimental scheme. The intensities of both lasers are varied by adjusting the attenuators. The Cs cell is kept at room temperature, and the vapor pressure is estimated to be 2 ϫ 10 −6 torr; to prevent unwanted interspecies collisions, there is no buffer gas in the cell. A homemade transimpedance amplifier with a photodiode (FDS100) that is sensitive to the nearinfrared is used to monitor the transmission of the probe beam as the coupling laser is scanned. Meanwhile, the probe beam is amplitude-modulated at 1 kHz, and the demodulated signal from the lock-in amplifier (SR830) is recorded at a personal computer. The typical modulation technique improves the SNR by rejecting the noise outside the capturing window, which is defined by the reference frequency of the chopper.
EXPERIMENTAL SETUP

RESULTS
A. Absorption Spectrum
In the simulation, the frequency of the probe laser is set to resonance ⌬ p = 0, and its intensity is varied. The transmission of the probe-laser intensity was monitored while the coupling laser was scanned across resonance into the excited state. The weak intensity of the coupling laser was maintained to avoid any decoherence effects. Figure  5 (diamonds) plots the experimental lineshape as the coupling detuning ⌬ c is varied in the EIT regime. The Rabi frequencies of the probe and coupling lasers are ⍀ p = 1.89 MHz (laser power 6.2 mW, intensity 1.96 mW/ mm 2 ) and ⍀ c = 6.17 MHz (laser power 124.9 mW, intensity 6.36 mW/ mm 2 ), respectively. Figure 5 also plots the two numerical simulations, with (lower curve) or without (upper curve) summing over the Doppler velocity distributions for comparison. The parameters in the simulations are ⍀ p = 1.89 MHz (from experiment), ⍀ c = 6.17 MHz (from experiment), ⌫ 2 = 5.22 MHz [11] , ⌫ 3 = 2.18 MHz [12] , and the linewidth of both lasers is 0.4 MHz. The simulated absorption peaks are normalized to the peak height of the experimental data. No other adjustable parameters exist. The figure clearly reveals that the upper curve matches the experimental signal but with a broader linewidth. The lower curve not only plots a smaller linewidth, but also has two inverted peaks. These inverted peaks were not observed in the experiments. Therefore, under the weak probe condition, the mechanisms of EIT dominate. We be- Att. Fig. 4 . The schematic diagram of the experimental setup. Ti:Sapphire laser operates at 794 nm and serves as the coupling laser. The probe laser is an external cavity grating feedback diode laser, which is locked to the ͉6 2 S 1/2 ,F=4͘ ↔ ͉6 2 P 3/2 ,F=5͘ transition ͑⌬ p =0͒. PD, semiconductor photodetector; M, mirrors; Att, attenuators; PC, personal computer.
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lieve that the Doppler effect should be omitted from the simulation because of the quantum interference between the transition pathways, which is that such a phenomenon occurs only within the narrow resonance region of the coupling frequency. Figure 6 plots the signal with a intensified probe beam (diamonds, ⍀ p = 7.08 MHz, ⍀ c = 6.17 MHz). Figure 6 also plots two numerical simulations, with (lower curve) and without (upper curve) summing over the Doppler velocity distributions for comparison (⍀ p and ⍀ c are obtained experimentally, and all other parameters are the same as those in Fig. 5 ). The figure clearly indicates that the lower curve matches closely the experimental signal but with a smaller linewidth. The simulation of EIT (without summing the Doppler velocity) does not yield the experimentally observed pure absorption dip. Therefore, under the intensified probe condition, the mechanism of Raman absorption dominates. In Fig. 6 , the linewidth of the simulations is slightly smaller than the experimental spectra. This could be caused by the laser frequency jittering (about 1 MHz) or the nonuniform special laser intensity from a ECDL (the probe laser). Figure 7 plots the evolution process (with increasing the Rabi frequency ⍀ p ) to provide a systematic understanding of the transition between the quantum interference and the Raman absorption. Figures 7(a) and 7(b) present the EIT process; clearly, the transmission peaks become higher and broader as the Rabi frequency increased. Figures 7(c) and 7(d) show that the absorption dip is enhanced by the presence of the intensified probe field in which the higher-order terms of ⍀ p slowly dominate the interactions, such that the EIT peaks become broader and the relative transmission amplitude decrease. Figure 7 clearly shows that the system exhibits the EIT-Raman intermechanism competition, such that the absorption dip emerges from the further-broadened EIT peaks and the absorption dips became wider and deeper during the evolution. The noise-like features on the shoulders in Figs. 7(c)-7(e) are produced by the competitions. Finally, the Raman absorption process dominates the atom-field interactions and eventually results in a pure absorption profile, which is displayed in Figs. 7(e) and 7(f). The pure absorption profile suggests that the Doppler effect should be considered in this stage because no pure absorption behavior is observed when Doppler-free conditions are simulated, as displayed in Fig. 2. 
B. Analysis
In our previous study, the ladder levels were used in the suppression and recovery in laser-cooled cesium atoms for studying the decoherence effect on quantum interference [15] . Therefore, the same ladder levels are chosen in this study. Another research group also observed these similar signals in the Rb vapor under conditions of a strong probe laser [16] . In order to clarify the mechanism of the spectrum transformation, all of the experimental spectra (parts of which are presented in Fig. 7) are analyzed, and the following quantification procedures are established to analyze the observed spectra: (i) For each experimentally observed spectrum with the given ⍀ p values, the corresponding simulated absorption profiles are calculated by using Eq. (1). Two simulated spectra are obtained, i.e., a spectrum with consideration of the velocity group and one without consideration of the velocity group. (ii) Taking the fit residual, i.e., the difference between the observed spectra and the simulated spectra, two sets of standard deviations stdev1 and stdev2 are obtained. The meaning of stdev1 and stdev2 corresponds to the fit residual in the above-mentioned two scenarios. Notably, the smaller standard deviation stands for more accurate simulation. The ratio stdev1/͑stdev1+stdev2͒ is defined to represent the size of the mismatch between observed spectra and the simulated spectra in the EIT regime. It is shown in Fig. 8 as a function of ⍀ p . If the EIT mechanism dominates ͑stdev1 stdev2͒, that means the ratio is close to one; then the spectrum agrees closely with the EIT simulation. Otherwise, the Raman absorption dominates. In the low-power regime ͑⍀ p Ͻ 3 MHz͒, the EIT mechanism dominates the transition, and the lineshape is similar to the simulated lineshape (without integrating the Doppler velocity). As ⍀ p increases, and becomes comparable with the effective excited-state decay rate, the experimental lineshape deviates greatly from the simulated lineshape without integrating the velocity group, such that the weighting of the EIT declines quickly. Finally, the transition of competition occurs, and the Raman absorption dominates the two-step absorption process when ⍀ p is comparable to the first excited-state decay rate ͑5.22 MHz͒. As ⍀ p increases gradually from 5.22 MHz, the pure absorption spectrum remains, but power broadening increases the linewidth such that the standard deviation increases. A competition window for the transition are taken approximately 10% on the rising (around ⍀ p = 5.25 MHz) side, and 90% on the falling side of the curve in Fig. 8 (dashed line) . The approximate competition window is as narrow as 2 MHz. This result indicates that the coherence created by the atom-photon interaction markedly dephases into Raman absorption as the probe Rabi frequency approaches the decay rate of the first excited state.
CONCLUSIONS
This study describes the multiphoton quantum interference process in a Doppler-broadened atomic system. A sharp competition window between the two mechanisms was as narrow as 2 MHz. For a wavelength-mismatched and counterpropagating configuration in the strongprobe-strength regime, the Raman mechanism dominates, and in the weak probe approximation, the effect of the Doppler velocity group can be neglected. The intermechanism competitive behavior was studied by making a series of experimental observations, and an absorption dip was observed. The results reveal the transition between the creation and destruction of atom-photon coherence. In the EIT regime, a background-free, subnatural linewidth signal in the Doppler-broadened sample offers the means of locking both lasers simultaneously, and can significantly reduce the fluctuations of both lasers. Such a simple configuration greatly reduces the complexities of the frequency stabilization scheme that is adopted in twophoton cooling or other quantum interference experiments. 
